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Summary

Intracellular pathogenic bacteria manipulate host
signal transduction pathways to facilitate infection.
Mycobacterium tuberculosis protein tyrosine phos-
phatases (PTPs) PtpA and PtpB are thought to be se-
creted into host cells and interfere with unidentified
signals. To illuminate the mechanisms of regulation
and substrate recognition, we determined the 1.7 A
resolution crystal structure of PtpB in complex with
the product phosphate. The protein adopts a simplified
PTP fold, which combines features of the conventional
PTPs and dual-specificity phosphatases. PtpB shows
two unusual elaborations—a disordered, acidic loop
and a flexible, two-helix lid that covers the active
site—that are specific to mycobacterial orthologs. Bio-
chemical studies suggest that substrate mimicry in the
lid may protect the phosphatase from oxidative inacti-
vation. The insertion and deletion of large structural
elements in PtpB suggest that, outside the active site
module, the PTP family is under unusual selective
pressure that promotes changes in overall structure.

Introduction

During coevolution with the hostimmune system, bacte-
rial pathogens have acquired defense mechanisms
against host immune effectors. Interfering with host sig-
nal transduction is a particularly effective way of manip-
ulating the host cell, because small modifications of sig-
naling events can have large physiologic effects. A
number of bacterial signaling proteins have been identi-
fied to act in the host. In Mycobacterium tuberculosis
(Mtb), secreted phosphatidyl-inositol-3-phosphate phos-
phatase inhibits phagosomal maturation (Vergne et al.,
2005). The serine/threonine protein kinase PknG from
Mycobacterium bovis BCG also has been reported to
prevent fusion of phagosomes with lysosomes and pro-
tect the intraphagosomal bacteria from acidification
(Walburger et al., 2004). Salmonella secretes the SopE
effectors that cause extensive cytoskeletal rearrange-
ments in the host (Fu and Galan, 1998; Kaniga et al.,
1996). Once inside the cell, the tyrosine phosphatase
SptP reverses the effects of the SopE proteins through
its N-terminal GTPase-activating protein segment and
restores the normal cytoskeleton structure (Fu and
Galan, 1999). Yersinia encodes a number of virulence
factors (Yersinia outer membrane proteins, Yops) that
are secreted into the host. YopH, YopE, YopT, and
YpkA/YopO interfere with phagocytosis by disrupting
the host cytoskeleton, preventing phagocytic uptake
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by macrophages (Cornelis, 2002). The YopH tyrosine
phosphatase contributes to cytoskeletal disassembly
by dephosphorylating focal adhesion complexes (Black
and Bliska, 1997). YopH also suppresses the activation
of T and B lymphocytes by interfering with early phos-
phorylation of the antigen receptor complex (Yao et al.,
1999), and SptP antagonizes SAPK/JNK activation that
might suppress the production of proinflammatory cyto-
kines (Fu and Galan, 1999).

The genome of Mtb codes for two tyrosine phospha-
tases, PtpA and PtpB, but no tyrosine kinase has been
found (Cole et al., 1998). In the absence of an endoge-
nous tyrosine kinase, these phosphatases likely target
components of host signaling pathways. Several lines
of evidence support a function for the Mtb tyrosine
phosphatase PtpB in the host cell. Despite the absence
of any known export signal, PtpB is secreted into the
culture medium (Koul et al., 2000). The pH optimum of
5.5 would allow PtpB to function in low-pH compart-
ments of macrophages (Koul et al., 2000). Genetic inac-
tivation of PtpB in Mtb caused accelerated mycobacte-
rial cell death in activated macrophages and guinea pigs
(Singh et al., 2003). Guinea pigs infected with PtpB-
deficient Mtb showed an ~70-fold lower bacterial load
in the spleen 6 weeks after infection compared to a wild-
type infection. This late replication defect coincides with
the development of the adaptive immune response,
suggesting an involvement of PtpB in evasion of B and
T lymphocyte-mediated responses.

Both PtpA and PtpB exhibit protein tyrosine phospha-
tase activity (Koul et al., 2000). They contain the defining
consensus sequences of all protein tyrosine phospha-
tases, the active site P loop motif, CysXsArg, and an es-
sential Asp that functions as a general acid in the cata-
lytic reaction (Barford et al., 1998). While PtpA is
classified as a low-molecular weight (LMW) phospha-
tase, the PtpB sequence falls into the conventional
PTP or dual-specificity phosphatase (DSP) class. The
conventional PTPs and DSPs contain the P loop in the
latter half of the sequence. A histidine immediately pre-
ceding the active site cysteine decreases the pKa of the
thiol group and makes it a better nucleophile. The cata-
lytic domain consists of a central, twisted  sheet sur-
rounded by a helices. All PTP structures determined to
date feature at least a four-stranded parallel  sheet,
with up to five additional antiparallel strands flanking
the core sheet of most conventional PTPs. In contrast
to the DSPs, which dephosphorylate pSer, pThr, and
pTyr residues, conventional PTPs act only on pTyr.
This narrowed specificity is associated with a larger
B sheet (typically up to nine strands) and a deeper active
site cleft. Despite little sequence homology, there is
a strong structural conservation of the catalytic domain
of PTPs. Two representative conventional PTPs, PTP1B
and YopH, share only about 20% sequence homol-
ogy, but high structural similarity (Barford et al., 1994;
Stuckey et al., 1994).

For most PTPs, the physiologic substrates are un-
known. The human genome codes for 81 functional Tyr
kinases and 85 functional PTPs, suggesting specialized
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Table 1. Data Collection, Phasing, and Refinement Statistics for PtpB

Data Collection and Phasing

Crystal Native Selenomethionine Labeled
Crystal symmetry l44 la1

Unit cell a=113.07A,b=113.07A,c=53.29 A a=113.20A,b=113.20A,c=53.70 A

Peak Edge Remote

Wavelength (A) 1.11587 0.97949 0.97973 0.93927
Resolution (A) 79-1.7 79-2 79-2 79-2
Completeness (%)? 91.2 (48.6) 94.8 (70.7) 95 (72) 93.5 (65.6)
Multiplicity 8.2 (4.5) 4.7 (3.2 4.7 (3.3) 4.7 (3.4)
Rmerge (%)° 4.1 (35.6) 6.3 (35.1) 5.5 (34.5) 6.1 (42)
<l/cl>? 66.7 (2.6) 27.3 (2.1) 27.5(2.1) 23.4(1.8)
Mean figure of merit® 0.25; 0.49 after solvent flattening
Refinement
Resolution (A) 50-1.7
Reflections 36,301
Reryst /Riree (%) 17.6/21.6
Rms A bonds® 0.016 A
Rms A angles® 1.462°
Average B factor (A?) 32.4
Main chain dihedral angles

Most favored 90.9%

Allowed 9.1%

@Parentheses denote values for the highest-resolution shell.
® Rmerge = Sl — <I>I/31; 1, intensity.

°Mean figure of merit = (|3 P(«)e'*/ 3" P(a)|); a, phase; P(«), phase probability distribution.

o a
d Reryst = 2IF, — FCI/ZF,; Fo, observed structure factor amplitude; F, calculated structure factor amplitude.

°Root mean square deviations from ideal values.

PTP functions and high substrate specificity (Alonso
et al., 2004). The isolated catalytic domains of PTPs
are generally active and often display rather broad sub-
strate specificity. Regulatory domains often mediate
specificity, regulation, and localization of PTPs. For ex-
ample, the catalytic domain of PTP1B dephosphorylates
substrates relatively indiscriminately when expressed in
mammalian cells, but the full-length phosphatase con-
taining an endoplasmic reticulum-targeting sequence
dephosphorylates only a subset of these phosphopro-
teins (Barford et al., 1998). Due to the constitutively ac-
tive nature of the catalytic domains, inhibition is the pre-
dominant regulatory mechanism associated with PTPs.
A variety of inhibitory mechanisms have been described.
Reversible oxidation of the catalytic cysteine is emerg-
ing as a general theme in PTP regulation and is well char-
acterized for PTP1B (Salmeen et al., 2003; van Montfort
et al., 2003). In the absence of phosphotyrosine sub-
strate, the PTPs SHP-1 and SHP-2 are autoinhibited by
their SH2 domains (Hof et al., 1998; Kuriyan and Cow-
burn, 1997; Yang et al., 2003). By contrast, the receptor
protein tyrosine phosphatase (RPTP) RPTPq, and possi-
bly other RPTPs, are inhibited by dimerization (Bilwes
et al., 1996).

Here, we present the 1.7 A resolution crystal structure
of the 30 kDa tyrosine phosphatase PtpB of Mtb. Taken
together, the structures of PtpA (Madhurantakam et al.,
2005), PstP (Pullen et al., 2004), and PtpB provide acom-
plete description of the so-called “eukaryotic-like” pro-
tein phosphatases in Mtb. PtpB contains the typical
four-stranded parallel B sheet found in all PTP struc-
tures. Although PtpB displays the catalytic specificity
for pTyr characteristic of conventional PTPs, the overall

fold is reminiscent of the dual-specificity phosphatases.
These hybrid characteristics shared with other PTPs
support the classification of PtpB as a member of a dis-
tinct PTP subfamily, which we propose to name the tyro-
sine-specific phosphatases (YSPs). The structure repre-
sents an inhibited conformation in which a structurally
dynamic lid sequesters the active site from access to
solvent. The lid contains a Phe residue that inserts into
the active site pocket, and, together with the bound
phosphate, mimics a phosphotyrosine substrate.

Results

PtpB Fold

Full-length PtpB was crystallized in the presence of
the phosphate product, and the structure was deter-
mined using the multiwavelength anomalous diffraction
method (Table 1). The structural model comprises resi-
dues 4-85, residues 117-275, a phosphate molecule
bound in the catalytic site, and 265 water molecules.
No electron density was visible for residues 86-116 or
the last residue, Gly276. PtpB is a single-domain, glob-
ular protein with a central, four-stranded parallel § sheet
surrounded by o helices (Figure 1).

PtpB shares the canonical, central, four-stranded par-
allel B sheet with other members of the PTP family. In
comparison with conventional PTPs such as PTP1B or
YopH, however, PtpB is deeply diverged and simplified
structurally. In particular, PtpB lacks the antiparallel
B strands that flank the central § sheet in PTP1B and
YopH (Barford et al., 1994; Stuckey et al., 1994). Instead,
PtpB contains several additional « helices. The closest
structural homolog in the Protein Data Bank identified



Mtb PtpB Phosphatase Structure
1627

by using the DALI server (Z score = 12) is the dual-
specificity phosphatase At1g05000 from Arabidopsis
thaliana. The Co root mean square deviation (rmsd) is
2.8 A over 141 residues. This large rmsd is consistent
with the low (20%) sequence identity of the plant and
bacterial proteins (Figure 2A). The core 3 sheet, the ac-
tive site P loop, and the following helix occur universally
in the PTP family, including the LMW PTPs such as Mtb
PtpA (Figures 2B and 3). The order of f§ strands that form
the central  sheet in PtpB is 1, B4, B2, $3, similar to that
of DSPs and conventional PTPs, but unlike that of any
known LMW phosphatase (Figure 2B). In comparison
to YopH and the Arabidopsis DSP, the general topology
of PtpB shows insertions of helices as well as deletions
of helices and § strands (Figures 2B and 3).

Sequence comparisons with other prokaryotic PTPs
reveal two large insertions unique to the mycobacterial
PtpBs. The first inserted region (85-117) forms a 31 res-
idue disordered segment in the loop connecting 3 and
a4 (Figure 1B). This loop immediately follows the mobile
“WPD” loop (FPD in PtpB) that harbors the conserved
Asp that functions as a general acid in the PTPs. The be-
ginning of the disordered loop is highly acidic, with five

Figure 1. PtpB:PO, Overall Structure

(A) Stereo view of the bound phosphate and
surrounding residues superimposed on the
1.7 A resolution, 2F, — F. electron density
map contoured at 1 . The PO, is positioned
adjacent to the Cys160 nucleophile (not
shown) and is bound by the conserved
Arg166 in the P loop. Phe222 from the lid is
inserted into the active site cleft.

(B) Ribbon diagram of PtpB showing the
central parallel B sheet (orange) and the bur-
ied active site. The P loop and the following
helix, 6, are colored yellow. The P loop pro-
vides the catalytic cysteine nucleophile, as
well as contacts that position and neutralize
the phosphate (green). The lid (top) covers
the active site, blocking the access of sub-
strates.

aspartates in six residues. The end of the loop is rich
in serine and glycine, which also are expected to en-
hance flexibility. Residues 95-101 are predicted to
adopt a helical conformation (nnpredict).

The second insertion in PtpB relative to most homo-
logs comprises residues 211-224, which form a large,
two-helix lid that completely covers the active site (Fig-
ures 1B and 4). This lid must move out of the way to allow
access to the active site, which is completely buried in
the PtpB structure. The closest contacts to neighboring
molecules in the lattice are more than 7 A away from the
lid, suggesting that the crystal packing does not deter-
mine the conformation of this segment.

The lid starts in the prominent and unusual .7, which
forms a long, twisted helix that extends across one
side of the protein (Figure 4B). Helix .7 contains two full
turns of 314 helix (190-196) preceding Pro197, which in-
troduces a central bend between the 3, segment and
the C-terminal half of the helix. Not only is the 3,4 helix
embedded within o7, rather than occurring at a more
typical location at one end, but the buried interface of
the 3,0 segment also is relatively polar. The packing sur-
face of the N-terminal half of o7 contains Asp188,
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A Figure 2. PtpB Adopts a Diverged PTP Fold
1 1 2 2 3
PtpB i £ Py 5 Lﬂ: ¥i L 5: . (A) Structure-sequence alignment of PtpB
- : and the At1g05000 DSP from Arabidopsis
PtpB MAVREMPGAW, DYADTATALRPGR SELSRL IGRAT RS|SREV| RGPGRVP
o3F "IPPLE-MED AAAAAAAA EG E ENF FE—E_ ECP FYFESNLOFLKS thaliana (1XRI). The plant DSP is the most
similar structure in the Protein Data Bank.
peps 3 ad n BLAST detected no significant s.equenc.e
., 89 _ %0 100 119 129 130 149 similarity. The P loop and the following helix
Peps OROTLLEFEOLADDOEDSAPHETAFKRLLINDGSNGESSESSQSINDANTRINIDEYRQFRIRNGAD  yyere used to align the structures. B strands
DSP o — 200 200 (arrows) and o helices (spirals) are indicated
ob p4 o6 of adjacent to the sequences. The PtpB lid se-
PtpB Mﬂ-mf-g-g-ﬂ —1:'2‘ S S £00000000000004 o San Iqu;len(;e is bc;xesd. Identickal r:esiduels are high-
ADEL s ; E ighted in red. Stars mark the catalytic cyste-
osE I ﬁi‘éTEé QEEEQE ECJ}E‘C LeaveLonoT v A oRuRe oS EgunaRtsegn ir?e and Phe202 vie ey
DsP 0000000000000 .« vuuennnennnn. :
(B) Topology diagrams of PtpB, the Mtb LMW
o~ e m— a9 10 i PtpA (1U2P), the Arabidopsis DSP (1XRl), and
220 % a0 0. #80 280 299 the Yersinia YopH conventional PTP (1QZ0).
PtpB FDTELAPEVVTFTKARLSDGVLG A Y LAEIARQ DE(T|]YGSLGGYLRDAGISQATVNRMRGVLLG .
P ST ————— VSDIIREMEBFDIIS S - « - -« v e eenemeeeeeneenn s The core B sheet is colored orange, and the
I e 20 00000000 o helix following the P loop is colored yellow.
The dashed line in the PtpB diagram indicates
B N N the disordered 3-a4 loop. The strand-P loop-
. G eBGe Y ) @ . [ helix motif characteristic of the active site
W o o o ik Aghv wAC occurs at the beginning of the LMW PTP se-
\. . ®N E. . ‘ ® . : . .. quences, but in the latter half of the conven-
.. .. ® ..' tional PTPs and DSPs. The distinct PtpB to-
o9 c c pology shares features with the conventional
PTPs and DSPs.
PtpB PtpA DSP YopH

Tyr189, Ser192, and Ser195. Asp188 forms a buried ion
pair with Arg29. The buried Ser192 forms buried hydro-
gen bonds with Asn11, Arg188, and the backbone of the
P loop (Gly163 O). This P loop carbonyl also contacts the
buried guanidinium group of Arg29. Arg29 occurs in one
of two unusual stacks of three adjacent arginines in the
PtpB structure, involving Arg191, Arg13, and Arg29 (Fig-
ure 4C). The other arginine stack, containing residues
Arg68, Arg35, and Arg64, extends under the lid.

A seven residue loop (211-217), starting with the un-
usually exposed Phe211, links o7 to a8 (Figure 4), and
o8 is joined to 29 by a meandering, 11 residue connec-
tor. Helix 8 contains Phe222, projecting into the active
site. Superposition of the structures of the PtpB:PO,
complex and the YopH complex with a phosphotyrosyl
mimetic-containing peptide (Phan et al., 2003) revealed
that access to the active site is blocked by Phe222 in
amanner that is reminiscent of phosphotyrosine binding
(Figure 3). The C4 of Phe222 is nearly in van der Waals
contact with the bound PO, (C4-O distance = 4.3 i\).

Active Site

In contrast to the diverged fold, PtpB displays the same
active site configuration as other PTPs. The catalytic
cysteine, Cys160, is positioned within the P loop con-
sensus sequence HisCysXAlaGlyXXArg between (5
and o6. The Cys160 thiol group is positioned for nucleo-
philic attack on the phosphate (S-P distance = 3.52 A),
which makes characteristic hydrogen bonded ion pairs
with the buried side chains of Lys164 and Arg166. The
phosphate bound in the active site is positioned at
the N terminus of 26, aligned with the axis of the helix.
The dipole of a6, the partial positive charges of the P
loop amide hydrogens, and Arg166 all contribute to a
binding pocket complementary to the phosphate. The
Cys160 carbonyl oxygen contacts the amide nitrogen
of Glu32, the side chain of which forms buried ion pairs
with Arg56 and Arg64.

Asp82, corresponding to the general acid Asp181 in
PTP1B, is positioned within a modified WPD motif with
the sequence FPD. The FPD motif is located in a loop
connecting 3 and «4. This FPD variation also occurs
in the mycobacterial homologs of PtpB. In comparison
with structures of PTP1B with the WPD loop in closed
(1PTY) and open conformations (1NO6), the FPD loop
of PtpB approaches a closed conformation that brings
it into the active site in a position for catalysis.

The active site region comprises nearly all of the seg-
ments conserved in a sample of 60 PtpB homologs (Fig-
ure 5A). The most conserved elements include the P
loop, the first turn of the following helix, and the other
loops (including the FPD loop) that ring the phosphate
binding site. Helix 3, which is expected to influence
the depth of the substrate binding pocket when the lid
opens, also shows conservation. Other conserved ele-
ments include the sequence just preceding the kink in
the long helix 7 (Figure 5A). The buried residues of this
sequence contact the P loop, positioning it within the
active site and presumably influencing the electrostatic
potential at the catalytic center. It is striking that the ex-
posed surface of PtpB shows generally low conserva-
tion in homologs (Figure 5B), and this pattern supports
the idea that the conformation undergoes a large
change to expose conserved functional sites.

Regulation

The activity of PtpB was assessed in solution and in the
crystals. Addition of the chromogenic phosphotyrosine
mimic, p-nitrophenylphosphate (pNPP), to PtpB in solu-
tion resulted in the production of bright yellow color. The
Km of PtpB for pNPP is ~10 mM at pH 7.5 (data not
shown), similar to the Ky, for pNPP reported for other
PTPs (Sun et al., 2003; Villa et al., 2005). The pH optima
of PtpB with pNPP or the phosphopeptide RRLIEDAE-
PYAARG were found to be near pH 5.5 (data not shown),
in agreement with the pH optimum reported previously
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Ser117

Figure 3. Ribbon Diagrams of Structural
Superpositions Show the Distinct Fold of
PtpB

Structures were superimposed by using the
P loop and the following helix.

(A) PtpB (1YWF, blue) and the Arabidopsis
DSP (1XRlI, orange). PtpB @3 helps frame
~A03 a deeper active site pocket.

/ (B) PtpB and YopH (1QZ0, yellow) in an ori-
entation similar to (A). YopH contains a larger
B sheet and additional helices. The PtpB lid
and the disordered loop flanked by Asp85

0 and Ser117 have no sequence or structural
4 analogs in the conventional PTPs.
1 4o (C) The Arabidopsis DSP (1XRI) contains
*/i a characteristically shallow, accessible ac-

tive site (top).

(D) Superposition of the DSP with PtpB
showing a blockade of the PtpB active site
by the lid. The phosphate (green) binds to the
P loop. The lid sequences and =3 (back) ex-
tend above the active site.

for PtpB-catalyzed dephosphorylation of myelin basic
protein phosphorylated on Tyr by Src kinase (Koul
et al., 2000).

While PtpB catalyzed pNPP hydrolysis in the pH 5.5
mother liquor used for crystallization, addition of pNPP
to PtpB crystals resulted in no color change, indicating
that the crystal structure represents a catalytically inac-
tive form of the enzyme. The lack of catalytic activity in
the crystals is consistent with the striking inaccessibility
of the substrate binding site, which is covered by the lid
(Figure 1). These results suggest that the lid forms a flex-
ible element in solution that regulates access of sub-
strates and small molecules to the active site.

Due to the reactivity of the Cys nucleophile, PTPs are
generally sensitive to regulation or inactivation in vivo by
reactive oxygen species (ROS [Salmeen et al., 2003;
Barford, 2004]). PtpB is likely to encounter ROS in host
macrophages, so we probed the rate of oxidative inacti-
vation of PtpB by hydrogen peroxide (Figure 6). Mtb
PtpA, a LMW PTP with an open active site (Madhuran-
takam et al., 2005), was used as a positive control for ox-
idative inactivation. Treatment with 62.5 uM H,0, for 20
min reduced PtpA activity to 73%, which indicates ROS
sensitivity comparable to that of the mouse RPTPa-D1
domain (Groen et al., 2005). In contrast, 93% of PtpB
activity remained after similar treatment. Exposure to
250 uM H,0, for 20 min inactivated over 80% of the

PtpA, but only 37% of the PtpB (Figure 6). Thus, in com-
parison to PtpA, PtpB was resistant to oxidative inacti-
vation.

Discussion

Despite the absence of a recognizable tyrosine kinase,
the genome of Mtb encodes two tyrosine phosphatases,
PtpA and PtpB. Sequence comparisons reveal the pres-
ence of PtpB orthologs in M. bovis, M. microti, M. ulcer-
ans, M. marinum, and M. avium. No PtpB ortholog is
present in M. smegmatis or M. leprae. The closest
PtpB homolog (34% sequence identity) outside myco-
bacteria was found in the Actinomycete Nocardia farci-
ana. The lid and the long «4-f34 loop sequences, in par-
ticular, are restricted to the mycobacterial PtpBs. Thus,
true PtpB orthologs appear to be restricted to patho-
genic mycobacteria. Although the Mtb PtpB sequence
is readily recognized as a PTP, over 100 of the closest
homologs occur in bacteria rather than eukaryotes. Be-
cause the sequence shows no extended homology out-
side the active site to structures in the PDB, the PtpB
structure defines a distinct, widespread solution to the
problem of protein tyrosine dephosphorylation function.

Despite the apparent specificity for pTyr substrates
(Koul et al., 2000), PtpB is structurally diverged from
the conventional PTPs. None of the over two dozen
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Figure 4. A Structurally Flexible Lid Covers
the PtpB Active Site, Sequestering the Prod-
uct Phosphate from Solvent

The PtpB structure displays five potential
mechanisms of promoting conformational
switching: substrate mimicry, an extended
340 helix, exposed hydrophobic groups, bur-
ied polar interfaces, and buried charges.

(A) Substrate mimicry suggested by the su-
perposition of PtpB with the substrate ana-
log from a YopH:peptide complex (1QZ0,
green). The combination of PtpB Phe222
and PO, (both highlighted in red) structurally
resembles the phosphotyrosyl-substrate mi-
metic in the YopH complex superimposed
with the P loop and the following helix.
Closer approach of Phe222 and the phos-
phate is limited by their van der Waals radii.
The PtpB lid buries the bound phosphate.
(B) Structural features in PtpB (green) asso-
ciated with the putative metastable, closed
conformation of the lid. Helix 7 (blue) con-
tains two turns of 3, helix, a proline bend,
exposed hydrophobic residues, and a buried
polar surface (not shown).

(C) Arginine stacks and buried charged resi-
dues associated with the lid: Asp54, Asp82,
Asp188, Glu32, Lys164, and Arg13, Arg29,
Arg56, Arg64, Arg202 (center: Asp OD2 and
Glu OE2 atoms, red spheres; Arg NH2 and
Lys NZ atoms, blue spheres). The two stacks
of arginines are shown reoriented for clarity,
with the distances between the Arg residues
indicated. The buried, charged side chains in
these clusters include Asp188, Arg13, and
Arg29 (left) and Arg203 and Glu32 (right).

Lid

, 08
Phe222

PO,

pY analog
P-loop

Figure 5. Sequence Conservation Highlights Functional Sites in PtpB

(A and B) Conservation in 60 representative homologs identified using a BLAST search (E value < 0.001) of 356 microbial genomes. (A) Ribbon
diagram and (B) surface view. Relative to Figure 1B, the view corresponds to an ~45° right rotation around the vertical axis. Red corresponds
to high conservation, and blue corresponds to low conservation. Gradations through the visual spectrum represent intermediate values. The
most conserved residues surround the position of the bound phosphate (green) and the P loop.


www.ncbi.nlm.nih.gov

Mtb PtpB Phosphatase Structure
1631

120 4

[Jows
100
W

80

60

40
20
0-— T T
50 500

% Relative activity

T T T T
0 31.25 62.5 125 2
[H,0;] uM

DTT

Figure 6. PtpB Resists Oxidation by H,O,

PtpA and PtpB were assayed using photometric detection of pNPP
hydrolysis after a 20 min treatment with the indicated concentration
of H,0,. Error bars indicate the standard deviation of three meas-
urements. PtpA was more susceptible to oxidation. The addition
of 2 mM DTT partly restored activity, indicating the presence of
the singly oxidized species.

PTP structures in the PDB nor the structure of the PTEN
phosphatidyl-inositol-3-phosphate phosphatase show
close structural homology to PtpB. An evolutionary
tree (Edgar and Sjolander, 2003) constructed using the
sequences of selected PTPs in the PDB and homologs
identified with BLAST suggests that PtpB may represent
a distinct branch that shares features of conventional
PTPs as well as DSPs (Figure S1; see the Supplemental
Data available with this article online).

The structure suggests that PtpB can be thought of as
a simplified conventional PTP or as a DSP with limited
substrate specificity. Compared to the conventional
PTPs exemplified by PTP1B and YopH, PtpB contains
a smaller  sheet, as well as deletions and insertions of
helices and loops that are more reminiscent of the
DSPs (Figure 2B). Compared to the Arabidopsis DSP
At1g05000, PtpB contains similar core secondary struc-
tural elements (Figures 3A and 3D). A principal differ-
ence is that o3 and the following loop in PtpB coincide
structurally with a loop and o2 in the plant phosphatase
(Figures 2A and 3A). PtpB also contains the inserted se-
quences that form the «4-4 loop and the lid covering
the active site, in contrast to the open, shallow substrate
binding site in the DSP (Figures 3C and 3D). The large
backbone rmsd of PtpB compared to any available
PTP structure and the evolutionary tree constructed
from PTP sequences are consistent with the idea that
PtpB represents a separate PTP subfamily. We propose
to call this subfamily the YSPs, for tyrosine-specific
phosphatases. This name reflects the structural similar-
ities to DSPs and the catalytic specificity for phospho-
tyrosine protein substrates.

The distinct substrate specificities of PTP subfamilies
are thought to arise from the depth of the active site
pocket (Barford et al., 1998). The pTyr specificity of the
conventional PTPs is associated with a deep pocket
that excludes the smaller pSer and pThr residues. In
contrast, the DSPs have a more open active site that al-
lows access of pSer, pThr, and pTyr to the catalytic Cys
residue (Figure 3C). PtpB clearly shows exclusive spec-
ificity for phosphotyrosine substrates in vitro (Koul et al.,
2000). Several loops ringing the PtpB active site (resi-

dues 9-11, 30-33, 81-83) show conformations similar
to those seen in conventional phosphatases and DSPs
(Figure 3). In contrast, PtpB =3, which coincides struc-
turally with an extended loop in the Arabidopsis DSP,
helps frame a deeper pocket similar to conventional
PTPs. The conventional PTPs also create a deeper ac-
tive site due to loops that coincide structurally, but not
topologically, to the PtpB lid. Thus, the position of the
lid in the open conformation also may contribute to the
pTyr specificity.

The closed conformation of the lid places the edge of
Phe222, which protrudes into the active site from a8,
near the bound PO,. This arrangement resembles the
phosphotyrosine substrate position expected from the
superposition of PtpB with PTP structures with sub-
strates or inhibitors bound (Figure 4A). This intramolec-
ular substrate mimicry inhibits PtpB activity in the crys-
tals by blocking access to the active site.

The blockade of the active site by the lid (Figures 1B,
3, and 4A) indicates that an extensive structural change
is required for substrate binding. This conformational
change is facile in solution. The Ky of PtpB for pNPP
(~10 mM at pH 7.5), for example, was similar to those
of other PTPs, such as YopH or PTPL1 (1.7 mM and
17.9 mM, respectively [Sun et al., 2003; Villa et al.,
2005]). Compared to other PTPs (Salmeen et al., 2003;
Groen et al., 2005), however, PtpB was significantly
more resistant to inactivation by hydrogen peroxide
(Figure 6). While 50% inactivation of PtpB at pH 7.5 re-
quired a 20 min incubation at 500 UM H,O,, PTP1B
was inactivated to a similar extent after 10 min at 160 M
H,0, (Salmeen et al., 2003). After a 20 min treatment,
50% inactivation of RPTPa-D1 was reported at 31-62 M
H,0,, and >50% inactivation of the RPTPa-C2 domain
required <31 pM H,0O, (Groen et al., 2005). Although
each of these measurements was done at pH 7.5, the
rates of oxidative inactivation in vivo will be influenced
by the pH (Groen et al., 2005). Despite the caveat that
such data collected in different laboratories may not
provide a firm basis for quantitative comparisons, PtpB
qualitatively shows the highest resistance to H,0, inac-
tivation of any PTP examined to date (Figure 6).

This resistance to oxidative inactivation supports the
hypothesis that the PtpB lid may provide a dynamic filter
that excludes ROS. If closure of the lid is rapid com-
pared to oxidative inactivation, for example, H,O, may
be effectively excluded from the active site, preserving
PtpB activity in infected cells. In contrast, bound protein
substrates or modifications of PtpB that stabilize the
open conformation of the lid would promote substrate
turnover. Thus, the occurrence of the autoinhibited con-
formation in the crystals raises the possibility that lid
opening and closing may be regulated in vivo.

Several features of the PtpB structure are consistent
with the idea that the lid conformation is dynamic. The
two turns of the 3,4 helix embedded within o7 (Figures
1B and 4B) constitute an unusual, strained conformation
(Rohl and Doig, 1996). This 34¢-helical segment might
serve as an overwound spring that supports rearrange-
ment of the neighboring helices upon unwinding. Con-
sistent with this idea, the 3,y helix sequence contains
a two residue deletion that is specific to the mycobacte-
rial orthologs containing the lid sequence. Moreover, o7
and the lid contain buried polar contacts, including two
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unusual stacks of three or four Arg residues and two bur-
ied carboxylates (Figure 4C). Helix o7 also displays ex-
posed hydrophobic residues such as Val184, Ala187,
Leu190, Ala 201, and Phe211. Opening the lid may elimi-
nate these unusual features through extensive rear-
rangements of helices 7-9 and perhaps new hydropho-
bic contacts with target proteins.

Due to the high similarity of the active site in PTPs,
conventional PTPs and DSPs typically contain addi-
tional domains or localization signals that confer sub-
strate specificity (Barford et al., 1998). In the PtpB struc-
ture, the additional segments include the lid module and
the disordered, 31 residue 3-04 loop. The B3-04 loop
protrudes from a structure adjacent to the lid into a posi-
tion that allows it to move toward the active site when
the lid moves away. These two diverged segments are
positioned to contribute to substrate binding and/or
regulation.

The PtpB fold is much more distinct from its eukary-
otic counterparts than the structures of other Mtb phos-
phosignaling proteins, including the Ser/Thr kinase
PknB (Young et al., 2003; Ortiz-Lombardia et al., 2003),
the Ser/Thr phosphatase PstP (Pullen et al., 2004), and
the LMW PtpA (Madhurantakam et al., 2005). Indeed, the
entire PTP family shows more elaboration of secondary
structure than many other protein families (Figures 2B
and 3). This divergence may arise from selection for
changes in substrate recognition and/or regulation.
The unusual, extensive structural differences in the
DSPs and conventional PTPs implies that variation in
the number and length of secondary structural elements
is disfavored in most other protein families.

In contrast to the diverged fold, the active site closely
resembles that of other PTPs. These sequence and
structural similarities support the idea of a common cat-
alytic mechanism. Consistent with this conclusion, mu-
tations of the presumptive nucleophile, Cys160, and
the general acid, Asp82, greatly reduced catalytic ac-
tivity (data not shown). These results suggest that the
Cys160Ser and Asp82Ala mutants might be used to
trap complexes with in vivo substrates, in a manner
analogous to other PTPs (Flint et al., 1997).

Central questions about PtpB concern the identity of
the substrate phosphoproteins in host cells and the
mechanism by which the enzyme promotes virulence.
Tyrosine phosphorylation plays a key role in many innate
and adaptive immune functions in macrophages, pro-
viding many possible targets for PtpB to facilitate im-
mune escape and Mtb survival. The unique features of
the PtpB structure in comparison to the virulence fac-
tors YopH and SptP are consistent with the model that
PtpB targets different substrates. Not only does PtpB
act later in infection than the Yersinia and Salmonella
PTPs (Singh et al., 2003), but, the PtpB domain structure
is also distinct. YopH and SptP contain a C-terminal
phosphatase domain and an N-terminal domain that
mediates targeting (YopH) or GTPase-activating protein
(GAP) activity (SptP). Yersinia also encodes a GAP,
YopE, which colocalizes with YopH in infected cells
and acts synergistically with YopH (Cornelis, 2002). In
contrast, PtpB contains a simpler PTP fold with no ap-
pended domains. The PtpB structure suggests that re-
arrangements of the lid and/or the disordered B3-04
loop adjacent to the active site are required for substrate

binding and targeting. The unique burial of the active site
may protect PtpB from oxidative inactivation or provide
a mechanism to regulate substrate binding. The struc-
ture provides a framework to test these ideas by muta-
genesis. The PtpB active site architecture also enables
the design of substrate-trapping mutants to help identify
the host targets (Flint et al., 1997) and lays the ground-
work to develop specific inhibitors.

Experimental Procedures

Cloning, Protein Expression, and Purification

The full-length PtpB gene was amplified from genomic DNA of the
Mtb H37Rv strain (Colorado State University). PCR products were
cloned in frame with an N-terminal Hisg tag into the pET28b expres-
sion vector (Novagen). PtpB mutants were generated using the Quik-
change protocol (Stratagene), and all constructs were confirmed by
DNA sequencing. For protein expression, plasmids were trans-
formed into BL21 (DE3)-CodonPlus cells (Stratagene) and grown in
Terrific Broth containing 50 ng/ml kanamycin and 34 ung/ml chloram-
phenicol at 37°C to an ODgg, of 0.5. After adding of 20 uM IPTG, the
cultures were grown for an additional 20 hr at 20°C. The cells were
harvested by centrifugation and resuspended in 20 mM NaH,PO,
(pH 7.5), 100 mM NaCl, and 5% glycerol. The cells were lysed by son-
ication on ice and centrifuged at 15,000 x g for 1 hr. The protein was
purified by immobilized metal affinity chromatography, size exclu-
sion chromatography (Superdex S75), and ion exchange chromato-
graphy (MonoQ). The protein eluted from the ion exchange columnin
20 mM Tris (pH 7.5), 150 mM NaCl and was concentrated to 5 mg/ml.
SeMet PtpB was expressed as described (Van Duyne et al., 1993)
and was purified as described above for PtpB.

Crystallization

Crystals were grown by the vapor diffusion method in hanging drops
at 4°C. A total of 1 pul PtpB (5 mg/ml) was added to 1 ul 0.05 M
KH,PO,, 20% PEG 8000, 10 mM sodium acetate (pH 5.5). For data
collection, crystals were immersed in 0.05 M KH,PO,4, 20% PEG
8000, 10 mM sodium acetate, and 25% glycerol, mounted on
a loop, and flash frozen in liquid nitrogen.

Structure Determination

Diffraction data were collected at the Lawrence Berkeley National
Laboratory Advanced Light Source Beamline 8.3.1. Native data
were collected to 1.7 A resolution at 100° K by using 1.11587 A
X-rays. Phases were obtained using MAD data collected from an
SeMet crystal at the Se peak, high-remote, and low-remote ener-
gies. The crystals had the symmetry of space group 144, with unit
cell dimensions a = 113.068 A, b = 113.068 A, ¢ = 53.292 A, and
one protein molecule in the asymmetric unit. Data were reduced
by using HKL2000 (Otwinowski and Minor, 1997). Solve and Resolve
(Terwilliger, 2003) were used to identify three of the four SeMet sites
and calculate initial phases. The initial model was built with ARP/
WARP (Morris et al., 2002). The final model was obtained through re-
peated rebuilding with O (Jones et al., 1991) and refinement with RE-
FMAC (Murshudov et al., 1997). The Rsee Was calculated by using
a random 5% of the data.

Phosphatase Activity Assays

Activity with the substrate p-nitrophenyl phosphate (pNPP) for Ky,
determination was measured photometrically at A,¢s. Absorbance
was measured after incubation of 1 uM enzyme with 25 mM pNPP
in 20 mM Tris, 150 mM NaCl (pH 7.5) for various times. Steady-state
kinetic parameters were calculated by using SigmaPlot (Systat Soft-
ware, Inc.). Activity of PtpB with the phosphopeptide RRLIEDAE-
PYAARG (Upstate) was determined by using the malachite green as-
say (Baykov et al., 1988). Equal volumes of 30 mM ammonium
molybdate in 4 M HCI and 0.05% (w/v) malachite green were incu-
bated for 30 min at room temperature (RT), and 0.01% Tween-20
was added. The phosphatase reactions were stopped after 30 min
by adding a 2-fold excess of malachite green solution and were
read at Agso. Both assays were read by using a SPECTRAmax 190
spectrophotometer (Molecular Devices).
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For oxidation measurements (Groen et al., 2005), PtpA and PtpB
were bound to Ni-NTA Superflow resin (Qiagen) and fully reduced
by incubating in buffer (20 mM Tris [pH 7.5], 100 mM NaCl) contain-
ing 10 mM DTT for 20 min. The resin was washed three times in
buffer without DTT, and the protein was eluted with 125 mM imidaz-
ole. To remove imidazole and traces of DTT, the proteins were dia-
lyzed against 10,000 volumes of buffer. The enzymes were incu-
bated with different amounts of H,O, for 20 min at room
temperature. Activity was measured by adding 10 mM p-nitrophe-
nylphosphate in 20 mM Tris (pH 7.5), 100 mM NacCl for 5 min at RT.
The reaction was quenched by adding 0.4 M NaOH, and absorbance
at A440 Was measured.

Structure Analysis

Sequences of homologs were identified with BLAST, and additional
PTP sequences were retrieved from the PDB. Multiple sequence
alignments were created with MUSCLE (Edgar, 2004) and edited
manually. An evolutionary tree was calculated by using SATCHMO
(Edgar and Sjolander, 2003). The results were used to color the
solvent-accessible surface of PtpB by using Consurf (Glaser et al.,
2003). The electrostatic surface potential of PtpB was displayed
by using Pymol. Topology diagrams were generated with TOPS
(Michalopoulos et al., 2004) and edited manually.

Supplemental Data

Supplemental Data including an evolutionary tree of 51 eukaryotic
and prokaryotic PTPs are available at http://www.structure.org/
cgi/content/full/13/11/1625/DC1/.
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